Autophagy is a conserved process that delivers components of the cytoplasm to lysosomes for degradation. The E1 and E2 enzymes encoded by Atg7 and Atg3 are thought to be essential for autophagy involving the ubiquitin-like protein Atg8. Here, we describe an Atg7-and Atg3-independent autophagy pathway that facilitates programmed reduction of cell size during intestine cell death. Although multiple components of the core autophagy pathways, including Atg8, are required for autophagy and cells to shrink in the midgut of the intestine, loss of either Atg7 or Atg3 function does not influence these cellular processes. Rather, Uba1, the E1 enzyme used in ubiquitylation, is required for autophagy and reduction of cell size. Our data reveal that distinct autophagy programs are used by different cells within an animal, and disclose an unappreciated role for ubiquitin activation in autophagy.
Macroautophagy (autophagy) is a system that is used to transfer cytoplasmic material, including proteins and organelles, to lysosomes by all eukaryotic cells 1 . Autophagy is augmented during cell stress to reduce damage to enable cell survival, and is also associated with the death of animal cells 2, 3 . Although most studies of this process have focused on stress-induced autophagy, such as nutrient deprivation, autophagy is also a normal aspect of animal development where it is required for proper death and removal of cells and tissues [4] [5] [6] . Defects in autophagy lead to accumulation of protein aggregates and damaged organelles, as well as human disorders 1, 7 . Most of our knowledge about the genes controlling autophagy is based on pioneering studies in the yeast Saccharomyces cerevisiae [8] [9] [10] [11] , and it is not clear whether cells that exist in extremely different contexts within multi-cellular organisms could use alternative factors to regulate this catabolic process.
Atg genes that are conserved from yeast to humans are required for autophagy, and include the Atg1 and Vps34 regulatory complexes, as well as two ubiquitin-like conjugation pathways 1 . The two ubiquitinlike molecules, named Atg8 (LC3 and GABARAP in mammals) and Atg12, become associated with the isolation membranes that form autophagosomes through the activity of the E1 enzyme Atg7. Atg3 functions as the E2-conjugating enzyme for Atg8, and Atg10 functions as the E2 for Atg12 (ref. 12 ). Atg12 associates with Atg5 and Atg16 during the formation of the autophagosome, and Atg8 is conjugated to the lipid phosphatidyl-ethanolamine enabling this protein to associate with the isolation membrane and autophagosome. Lipidated Atg8 in structure requires autophagy and seems to be caspase independent 13 . We investigated the morphology of midgut cells to gain insight into how autophagy may contribute to the pronounced change in larval intestine structure. We noticed that wild-type, as well as Atg18/wild-type and Atg2/wild-type heterozygous control, midgut cells undergo a large reduction in size following the induction of autophagy from the third instar larval stage to pre-pupal stage ( Fig. 1a-f ). In contrast, Atg18/Df and Atg2/Df mutant animals lacked autophagy in the midgut on the basis of transmission electron microscopy (TEM; Fig. 1g -j) and GFP-Atg8a reporter analyses 13 . Moreover, we observed double-membrane autophago'somes containing either mitochondria or ribosomes in control midgut cells (enlarged images in Fig. 1g,i) . Significantly, either Atg18/Df or Atg2/Df mutant midguts showed a remarkable inhibition of the decrease in cell size ( Fig. 1c-f ). Thus, the striking reduction in midgut cell size involves a programmed process requiring autophagy.
We examined whether the requirement of Atg genes for cell size reduction is cell autonomous by expression of a double-stranded inverse-repeat (IR) construct designed to target and knockdown Atg18 (Atg18 IR ) in clones of cells. Indeed, cells expressing Atg18 IR were significantly larger than neighbouring cells ( Fig. 2a,b ). Furthermore, cells that expressed Atg18 IR exhibited attenuated autophagy; compared with smaller neighbouring cells, they possessed far fewer autophagosomes on the basis of the detection of mCherry-Atg8a puncta (Fig. 2c ). In addition, either a loss-of-function mutation in Atg1 or knockdown of Atg1 prevented cells from shrinking ( Fig. 2d-f ). Importantly, knockdown of Atg1 in clones of cells also attenuated the formation of mCherry-Atg8a puncta when compared with the smaller neighbouring control cells (Fig. 2f ). Moreover, reduced Atg1 function does not influence midgut cell size in third instar larvae ( Supplementary  Fig. S1a,b ), further indicating that loss of autophagy does not influence cell growth during early development and that autophagy is required for cells to decrease in volume at the end of larval development. We investigated whether analyses of cell size reflect a similar change in midgut cell volume ( Fig. 2g -k), and determined that two-dimensional measurements of cell size accurately represent the changes observed in shrinking midgut cells. These data indicate that autophagy is required in a cell-autonomous manner for the programmed reduction of midgut cell size at the end of larval development.
To determine whether other autophagy genes are required for midgut cells to shrink, we altered the function of multiple Atg genes in clones of midgut cells. Vps34, Atg8a, Atg12, Atg13, Atg6, Atg5 and Atg16 (CG31033) were each required for programmed size reduction of midgut cells ( Fig. 3a-f and Supplementary Fig. S1c-j) . In contrast, expression of the caspase inhibitor p35 in clones of midgut cells did not influence cell size ( Supplementary Fig. S1k ,l). These data indicate that autophagy, but not caspase activation, is required for Drosophila midgut degradation during animal development.
Mis-expression of Atg1 is sufficient to induce autophagy in multiple Drosophila cell types 4, 16 . Similarly, Atg1 mis-expression in clones of early third instar larval midgut cells was sufficient to induce premature autophagy and decreased the size of these cells ( Fig. 3g,g' ). Importantly, knockdown of Atg8a suppressed Atg1-induced cells from shrinking ( Fig. 3h ), indicating that the sufficiency for Atg1 to induce premature cell shrinking depends on core autophagy gene function. Surprisingly, however, knockdown of Atg7 failed to suppress the Atg1-induced autophagy and reduction in cell size phenotypes ( Fig. 3i ,i') even though the same Atg7 knockdown strain suppresses starvation-induced autophagy in the fat body ( Supplementary Fig. S2a ). Our results indicate that many of the core autophagy genes that are conserved between yeast and humans are required for autophagy and cell size reduction during larval midgut cell death, and this process seems to be independent of Atg7.
Programmed cell size reduction, autophagy and clearance of mitochondria are Atg7-independent
Atg7 encodes an evolutionarily conserved E1-activating enzyme that is required for autophagy in all organisms and cell types that involve Atg8 (LC3) that have been previously studied 1, 12 . Unlike several other genes that are required for autophagy in Drosophila, loss of Atg7 fails to cause animal lethality, and previous studies indicate that Atg7 mutations inhibit autophagy in the fly midgut 17 . This previous study analysed autophagy in midguts of third instar larvae when autophagy is relatively low and variable. These results, combined with our observation that Atg7 knockdown failed to suppress Atg1-induced decrease in cell size, prompted us to revisit the role of Atg7 in midgut autophagy in greater detail. As reported previously 17 , mutant clones of Atg7 d4 cells failed to induce autophagy under nutrient deprivation in larval fat body cells ( Supplementary Fig. S2b ). In contrast, Atg7 d4 mutant clones of midgut cells, as well as Atg7 knockdown midgut cells, possessed autophagy and underwent normal reductions in cell size (Fig. 4a-c and Supplementary Fig. S2c,d ). In addition, GFP-Atg8a puncta formation is similar in control and null loss of Atg7 function mutant midgut cells ( Fig. 4d,e ). Furthermore, loss of Atg7 did not influence the formation of GFP-Atg5 puncta ( Fig. 4f ), which was dependent on the function of Vps34 ( Supplementary Fig. S2e ). We used TEM to analyse control and Atg7 null mutant midguts, and found that autophagosomes and autolysosomes were present even in the absence of Atg7 function ( Fig. 4g,h) . Significantly, we observed cytoplasmic material, including mitochondria and ribosomes, in double-membrane autophagosomes in Atg7 mutant cells (enlarged image in Fig. 4h ). These results indicate that Atg7 is not required for autophagy and for cells to shrink in the midgut.
The presence of cytoplasmic material in the autophagosomes of Atg7 null intestine cells prompted us to investigate whether Atg genes are required for mitochondria clearance (mitophagy). We quantified the number of mitochondria in control, Atg18 mutant and Atg7 mutant cells, and discovered that Atg18 mutant cells, but not Atg7 mutant cells, had more mitochondria than control midgut cells ( Fig. 5a ). Homozygous Atg1 mutant clone and neighbouring control cells possessed similar amounts GFP-labelled mitochondria before the onset of autophagy in the intestines of third instar larvae ( Fig. 5b) , indicating that loss of Atg1 does not markedly alter mitochondria numbers during development. In contrast, we observed significant retention of GFP-labelled mitochondria in homozygous Atg1 mutant intestine cells when compared with their control neighbours following the onset of autophagy ( Fig. 5c ). Combined, these data indicate that most autophagy genes, but not Atg7, are required for cell size reduction, clearance of cytoplasmic material and autophagy.
Uba1 is required for autophagy and cell size reduction
The lack of Atg7 function in midgut cell autophagy and shrinking prompted us to screen for other ubiquitin-like activating enzymes Atg18 and Atg2 are required for programmed cell size reduction in the Drosophila midgut. (a) Representative differential interference contrast microscopy images of midgut cells from wild-type animals at the early third instar larval (Early 3rd), late third instar larval (Late 3rd) and at puparium formation (white prepupal, WPP) stages. (b) Autophagy detected by formation of mCherry-Atg8a punctate spots in midgut cells from wild-type animals at indicated stages. Representative images are shown. (c) Midguts from control Atg18 KG03090 /wild-type (Atg18/+), n = 14, and Atg18 KG03090 /Df (3L) 6112 mutant (Atg18 /Df ), n = 11, animals at puparium formation analysed by differential interference contrast microscopy. Representative images are shown. (d) Wild-type, control (Atg18 KG03090 /+) and Atg18 mutant (Atg18 /Df ) midgut cell size quantification (µm 2 ) at indicated stages; n = 10 animal intestines per genotype with 5 cells measured per intestine per stage. (e) Differential interference contrast images of midgut cells from Atg2 EP3697 /wild-type control (Atg2/+) and Atg2 EP3697 /Df (3L) 6091 mutant (Atg2 /Df ) animals at puparium formation. Representative images are shown. (f) Cell size quantification (µm 2 ) from e, n = 12 (Atg2/+) and n = 7 (Atg2 /Df ) animal intestines per genotype with 5 cells measured per intestine. (g-j) Representative TEM images of intestine cells 2 h after puparium formation. (g,i) Control Atg18 KG03090 /wild-type (Atg18/+, g) and control Atg2 EP3697 /wild-type (Atg2/+, i) cells with an enlarged image showing a double-membrane structure (arrowhead) that surrounds a mitochondrion and endoplasmic reticulum. Arrows indicate autolysosomes. (h,j) Atg18 KG03090 /Df (3L) 6112 mutant (Atg18 /Df, h) and Atg2 EP3697 /Df (Atg2 /Df, j) mutant cells lacking autophagic structures. Quantification is shown as mean ± s.d. Scale bars, 20 µm (a-c and e) and 1 µm (g-j). CG13343 binding partner), in clones of midgut cells, and Uba1 was the only gene that exhibited a defect in cell size reduction (Fig. 6a,b and Supplementary Fig. S3 ). Both midgut cell size reduction and autophagy were inhibited when Uba1 was knocked down (Fig. 6a,b and Supplementary Fig. S4a ). Consistent with this conclusion, Uba1 knockdown did not alter cell growth during larval development ( Supplementary Fig. S4b ,c). Similar defects in the reduction in midgut cell size were observed when Uba1 function was reduced in clones of cells using the temperature-sensitive mutant Uba1 H33 (Fig. 6c,d) , thus demonstrating a cell-autonomous role for Uba1 in midgut cell size reduction. Clones of Uba1 H33 cells also showed reduced Atg8a puncta, reduced Atg5 puncta and accumulation of p62 (Ref(2)P) proteins ( Fig. 6e-g) , further demonstrating that Uba1 is required for midgut autophagy and programmed size reduction.
Uba1 activates ubiquitin and transfers it to a family of E2-conjugating enzymes, which then transfer ubiquitin to substrates through an E3 ubiquitin ligase. Proteins carrying Lys-48-linked poly-ubiquitin chains are targeted to the proteasome for degradation. To determine whether midgut cell shrinking was influenced by altered proteasome function, we expressed Dts7, a dominant temperature-sensitive mutant of the β2 subunit of the proteasome 18 , in clones of cells in the midgut. We also monitored the activity of the proteasome using CL1-GFP as a reporter 19 . When proteasome function was impaired by mis-expression of dominant proteasome subunit mutant Dts7 in clones of cells, CL1-GFP was retained, and midgut cells underwent normal reductions in cell volume (Fig. 6h,i and Supplementary Fig. S4d ). These data indicate that the function of the proteasome is not required for programmed reduction of midgut cell size.
We examined whether Uba1 is required for autophagy that is induced by stress in different tissues. Decreased Uba1 function did not influence starvation-induced autophagy in either the fat body or midgut ( Supplementary Fig. S5a-d ). In addition, knockdown of Uba1 did not alter hydrogen-peroxide-triggered autophagy in the midgut ( Supplementary Fig. S5e,f) .
Uba1 could regulate autophagy by multiple possible mechanisms. One possibility is that Uba1 functions as the E1 enzyme in place of Atg7 to control the lipidation of Atg8. To investigate this possibility, we performed an in vitro E1-charging assay using Uba1 and Atg7 as E1s to be charged with either Atg8a or ubiquitin. As expected, Uba1 and Atg7 were charged with ubiquitin and Atg8a, respectively, and these thioester bonds were reversed by the addition of reducing agent (Fig. 7a,b and Supplementary Fig. S6a,b) . In contrast, Uba1 was unable to activate Atg8a and Atg7 was unable to activate ubiquitin (Fig. 7a,b) . These data suggest that Uba1 does not substitute for Atg7 as the E1 for Atg8a conjugation.
Most autophagy genes that we investigated are required for the formation of Atg8a puncta and programmed cell size reduction in the midgut cells of intestines (Figs 1-3 and Supplementary Fig. S1 ), but Atg7 is not needed for these cellular changes (Fig. 4) . As Atg8a puncta formation is thought to always depend on conjugation of phosphatidyl-ethanolamine, we examined whether Atg8a lipidation occurs in Atg7 mutant intestines. Protein extracts from midguts of wild-type control, Atg7 mutant and Atg8a mutant animals at puparium formation were subjected to immunoblot analysis using Atg8a antibody. Small amounts of lipidated Atg8a (Atg8a-II) were detected in wild-type midgut extracts, but not in either Atg7 or Atg8a mutant midguts (Fig. 7c) , indicating that Atg7 is indeed essential for Atg8 lipidation. As Atg7 mutant midgut cells exhibited normal autophagy (Fig. 4) , we reasoned that Atg8 lipidation is not required for midgut autophagy and programmed cell size reduction. This hypothesis would predict that Atg3, the E2-conjugating enzyme for Atg8 lipidation, is also not required for midgut autophagy. Although Atg3 is required for starvation-induced autophagy in Drosophila fat body 16 , Atg3 null mutant midgut cells exhibited normal size reduction and autophagy (Fig. 7d,e and Supplementary Fig. S6c,d) . Moreover, knockdown of Atg3 showed a similar phenotype as knockdown of Atg7 ; although Atg3 was required for autophagy in starved fat body, knockdown of Atg3 did not suppress Atg1-induced reduction in midgut cell size ( Fig. 7f and Supplementary Fig. S6e ).
The cysteine protease Atg4 is required for processing of Atg8 (LC3) so that it can be conjugated to phosphatidyl-ethanolamine, as well as for de-lipidation of Atg8 at a later stage in autophagy. A dominant-negative form of human Atg4B was shown to inhibit LC3 lipidation and autophagy 20 , and a similar dominant-negative form of Atg4a was shown to inhibit autophagy in Drosophila 21 . To further test the requirement for Atg8a lipidation in midgut cell size reduction, we expressed dominant-negative Atg4 (Atg4 DN ). Consistent with our other results, expression of Atg4 DN in clones of cells did not alter their reduction in size (Fig. 7g,h) . Combined, these data suggest that Atg8a lipidation, and the E1 and E2 enzymes Atg7 and Atg3, are not required for midgut autophagy.
Our data indicate that Uba1 does not substitute for Atg7. Therefore, we investigated alternative explanations for how Uba1 regulates autophagy and cell size reduction in the dying midgut of Drosophila. A rise in steroid hormone triggers the induction of caspases and autophagy that precede midgut cell death 13, 14, 22 , and it is possible that Uba1 influences all of these pathways. The steroid-regulated primary response protein BrC was present in Uba1 knockdown cells even though cell size reduction was inhibited ( Supplementary Fig. S6f ), indicating that Uba1 does not influence global aspects of steroid signalling. In addition, Uba1 knockdown did not influence the expression of the steroid-regulated pro-apoptotic factor Hid ( Supplementary Fig. S6g ). Combined, these data suggest the possibility that Uba1 may function directly in regulating autophagy. Although previous studies have suggested that receptors that bind to ubiquitylated cargo play an important role in early stages of autophagy 23, 24 , no study has directly implicated ubiquitylation as a key regulatory step in autophagosome formation. Therefore, such a model would predict that ubiquitin is required for autophagy and cell size reduction. We tested this model by knockdown of ubiquitin in clones of midgut cells, and saw that ubiquitin was required for Atg8a puncta formation (Fig. 7i ) and programmed cell size reduction in the midgut (Fig. 7j,k) . Significantly, the Atg1-induced small cell size phenotype (Fig. 7l ) was suppressed when Uba1 function was reduced (Fig. 7m,n) . These data indicate that Uba1 functions downstream of Atg1-regulated autophagy.
Midgut cells accumulate p62 and fail to form both Atg8a and Atg5 puncta when Uba1 function is reduced ( Fig. 6e-g) . To determine whether this E1 is required for removal of cytoplasmic material, we investigated the clearance of mitochondria from the cytoplasm of cells with decreased Uba1 function. Homozygous Uba1 mutant and neighbouring control cells possessed similar amounts GFP-labelled mitochondria before the onset of autophagy in the intestines of third instar larvae (Fig. 8a) . These data indicate that reduced Uba1 function does not markedly alter mitochondria numbers during development. Significantly, we observed retention of both GFP-labelled mitochondria and mitochondrial ATP synthase complex V (ATPV) in intestine cells with reduced Uba1 function when compared with their control neighbours following the onset of autophagy (Fig. 8b,c) . We then performed immuno-TEM to identify Uba1 knockdown cells that express both Uba1 IR and GFP. Control cells lacking immunolabelled gold particles possessed large numbers of autolysosomes ( Fig. 8d,e ). In contrast, cells with reduced Uba1 function had more mitochondria and few autophagic structures (Fig. 8d,f) . These data indicate that Uba1 plays an important role in the clearance of cytoplasmic material by regulating autophagy.
DISCUSSION
Autophagy has been shown to influence cell size during growth factor and nutrient restriction in mammalian cells lines 25, 26 , but this study indicates that autophagy controls cell size as part of a normal developmental program. Our discovery that Atg7 and Atg3 are not required for autophagy and cell size reduction in dying midgut cells in Drosophila is surprising. Although an Atg5-, Atg7 -and LC3-independent autophagy pathway has been reported 27 , we describe autophagy that requires Atg8 (LC3) and does not require Atg7 and Atg3. It has been assumed that components of the core Atg8 (LC3) and Atg12 conjugation pathways are used by all eukaryotic cells, but this study provides evidence that alternative factors can function to regulate autophagy in a cell-context-specific manner.
This study highlights that autophagy may have different regulatory mechanisms in distinct cell types within an animal. Different forms of autophagy could involve either unique regulatory pathways 28, 29 , different amounts and rates of autophagy or alternative cargo selection mechanisms 30 , and these are not mutually exclusive. Another possibility is that differences in cargo selection alone, perhaps based on specific cargo adaptor proteins, could mediate a distinct type of autophagy.
We report that an E1 enzyme other than Atg7 is required for Atg8 and Atg5 puncta formation, and clearance of p62 and mitochondria. Our studies indicate that Uba1 fails to function in place of Atg7, as expected on the basis of the unique architecture and use of ubiquitin-like proteins and E2-binding domains in these highly divergent E1s (ref. 12 ). Although we cannot exclude the possibility that Atg8a is activated by unknown factors, the simplest model to explain our data positions Uba1 function at a different stage of the autophagy process that depends on ubiquitin conjugation. Previous work in a mammalian cell line indicated that Uba1 is required for protein degradation by lysosomes, but this was not because of decreased autophagosome formation 31 . In addition, recent work in Drosophila implicated the de-ubiquitylation enzyme USP36 in autophagy 32 However, the inability of Atg5 knockdown to suppress the USP36 mutant phenotype, as well as the accumulation of both GFP-Atg8a and p62 in USP36 mutant cells, suggests a defect in autophagic flux rather than a defect in the formation of autophagosomes. p62 and other ubiquitin-binding proteins are known to facilitate recruitment of ubiquitylated cargoes into autophagosomes 30 . In addition, p62 was recently shown to accumulate at sites of autophagosome formation even when autophagosome formation is blocked 23 . Thus, it is possible that Uba1 promotes cargo recruitment to the sites of autophagosome formation to facilitate autophagy. However, it is also possible that Uba1 could function at multiple stages in the regulation of autophagy. It is critical to understand the mechanisms that regulate autophagy given the interest in this catabolic process as a therapeutic target for multiple age-associated disorders, including cancer and neurodegeneration. Significantly, our studies illuminate that autophagy has different regulatory mechanisms in distinct cell types within an animal, and highlight the importance of studying core autophagy genes in specific cell types under physiological conditions.
METHODS
Methods and any associated references are available in the online version of the paper.
Induction of cell clones. To induce mis-expression in clones of cells, virgin
females of y w hsFlp; +; Act > CD2 > GAL4 (> is FRT site), UAS-DsRed or y w hsFlp; pmCherry-Atg8a; Act > CD2 > GAL4, UAS-nlsGFP/TM6B 38 were crossed to indicated RNAi or transgenic lines. One-day egg lays were heat shocked at 37 • C except for Uba1 RNAi clones that were heat-shocked at first instar larval stage. To induce loss-of-function clones, we used y w hsFlp; +; FRT80B Ubi-nlsGFP, y w hsFlp; +; FRT82B Ubi-GFP, y w hsFlp; +; FRT82B Ubi-nlsmRFP, y w hsFlp; NP1-GAL4, UAS-mito-GFP; FRT80B Ubi-nlsmRFP, y w hsFlp; FRT42D Ubi-nlsGFP, y w hsFlp; NP1-GAL4, FRT42D Ubi-nlsmRFP; UAS-eGFP-Atg5, y w hsFlp; NP1-GAL4, FRT42D Ubi-nlsmRFP; UAS-mito-GFP, y w hsFlp; CG-GAL4, UAS-GFP-Atg8a, FRT42D UAS-myrRFP (ref. 17 ) and y w hsFlp, UAS-CD8GFP; FRT42D Tub-GAL80 ts ; Tub-GAL4/TM6B. We heat-shocked one-day egg lays for 1 h at 37 • C.
Immunolabelling and microscopy. Midguts were dissected in PBS, fixed with 4% formaldehyde in PBS, blocked with 1% bovine serum albumin, and incubated with primary antibodies. We used mouse anti-Discs large (1:100, from Development Studies Hybridoma Bank, catalogue number 4F3), rat anti-p62 (1:1,000, H. Stenmark), mouse anti-BrC (1:100, Development Studies Hybridoma Bank, catalogue number 25E9), guinea pig anti-Hid (1:50, H. D. Ryoo), and mouse anti-ATP synthase complex V (1:1000, Abcam, catalogue number ab14748). For secondary antibodies, we used anti-mouse Oregon green 488, anti-mouse/guinea pig Alexa Fluor 546 antibody (1:250, Invitrogen, catalogue numbers O-6380, A-11030 and A-11074, respectively), and mounted samples in VectaShield containing DAPI (Vector Lab) to detect DNA. We imaged samples with a Zeiss Axiophot II microscope. For GFP-or mCherry-Atg8 imaging, we briefly fixed samples with 4% formaldehyde in PBS and stained DNA with Hoechst. DNA is blue in all figures.
Electron microscopy and immuno-electron microscopy. Larval intestines
were dissected from control and mutant animals at 2 h after puparium formation in PBS. Intestines were fixed for 30 min at 25 • C in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 (Electron Microscopy Sciences), washed 3 times for 5 min at 4 • C with 0.1 M cacodylate buffer at pH 7.4, post-fixed in buffered 1% osmium tetroxide for 1 h at room temperature, dehydrated, treated with propylene oxide and infiltrated for embedding in SPI-pon/Araldite.
For immuno-electron microscopy, intestines with GFP-positive Uba1 IR clone cells were dissected at puparium formation, fixed in 3.2% formaldehyde, 0.25% glutaraldehyde, 1% sucrose, 2 mM calcium chloride in 0.1 M cacodylate buffer at pH 7.4 at 4 • C overnight, buffer washed, dehydrated, infiltrated and embedded in LR White resin with polymerization for 2 days at 45-50 • C. Ultrathin sections on gold grids were subjected to heat-induced antigen retrieval 39 , blocked with buffered 1% BSA and 3% powdered milk, incubated with anti-GFP antibody (1:100, Novus Biologicals, catalogue number NB 600-308), followed by 18 nm colloidal gold donkey anti-rabbit (1:30, Jackson ImmunoResearch, Cat#111-215-144). All ultrathin sections were stained with uranyl acetate and lead citrate before examination using Philips CM10 and FEI Tecnai G2 Bio12 TEMs.
Quantification of cell size. All control and mutant midguts were processed in an identical fashion for image acquisition. Two-dimensional (2D) cell size was quantified using the measure outline function of Zeiss Axiovision Rel 4.7 software (Zeiss Inc). Three-dimensional (3D) images were acquired using the Z -stack function of Zeiss Axiovision software, and quantified using Volocity software (Perkin Elmer). We compared the 2D and 3D measurements of control and mutant midgut cells at both the third larval instar and white pre-pupal stages (Fig. 2) , and determined that 2D measurements of cell size accurately reflect 3D measurements. Therefore, we used 2D measurements of cell size in all additional experiments. The number (n) analysed in each experiment represents the number of intestines analysed, and 1-5 cells of each genotype were measured per intestine.
Starvation of larvae.
Early third instar larvae were transferred from food to 20% sucrose in PBS for 4 h.
Quantification of mitochondria number. Mitochondria numbers were quantified from 2 distinct 25 µm 2 regions per cell from 2 cells per animal and at least 3 individual animals per genotype.
Immunoblotting. Midguts were dissected in PBS at puparium formation.
Proteins were extracted with RIPA buffer with complete protease inhibitor (Roche). Western blotting was performed using rabbit anti-Atg8 (1:500, S. Cherry), mouse anti-β-Tubulin (1:50, Development Studies Hybridoma Bank, catalogue number E7), HRP-conjugated goat anti-rabbit and anti-mouse IgG (1:2,000, Invitrogen, catalogue number G-21234 and G-21040 respectively) as previously described 40 . Three independent biological experiments were performed.
Protein production and E1-activating enzyme-charging assay. Open reading frames for Drosophila Uba1, Atg7 and Atg8a were cloned into pDONR223 using the Gateway recombination system (Invitrogen). Expression constructs were also constructed using Gateway recombination. Recombinant FLAG-tagged Uba1 and Atg7 were produced in Sf9 cells using the Bac-N-Blue system (Invitrogen). Cells were lysed using 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.5% NP40, 1 mM dithiothreitol and EDTA-free protease inhibitor cocktail (Roche) and then ruptured using a dounce homogenizer. Lysates were precleared by spinning in a table-top centrifuge at 16,000g at 4 • C for 20 min and the FLAG-tagged proteins were purified using anti-FLAG M2 affinity gel (Sigma). Proteins were eluted using 3X FLAG peptide (Sigma). The buffer was exchanged and the FLAG peptide removed by spinning the eluate in an Ultracel 10K Amicon Ultra centrifugal unit (Millipore) and finally stored in a buffer containing 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM dithiothreitol and 10% glycerol. Recombinant His-thioredoxin-tagged Atg8a was produced using the pET59-DEST vector (EMD Millipore) and expressed in Rosetta DE3 cells (EMD Millipore). Following induction with 0.4 mM IPTG for 4 h at 37 • C, Atg8a was purified using Ni-NTA agarose (Qiagen) and stored in 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM dithiothreitol and 10% glycerol. Recombinant human ubiquitin was purchased from Boston Biochem.
Charging reactions were set up on ice in a buffer containing 50 mM Tris-HCl at pH 7.5, 5 mM KCl, 5 mM MgCl 2 and 1 mM dithiothreitol made up to a total of 30 µl. For each reaction 10 nM E1, 500 nM ubiquitin or 500 nM HIS-Atg8a was added where appropriate. Just before starting the reaction, ATP was added to 2 mM final concentration and the reactions were performed at 30 • C for 15 min. Immediately following the reaction, samples were incubated with 2X Laemmli sample buffer with either 50 mM MES at pH 5.0 or 10% v/vβ-mercaptoethanol as indicated. Samples were incubated at room temperature and loaded onto two 4-12% NuPAGE Bis-Tris gels (Invitrogen), run in MES running buffer (Invitrogen). Gels were processed for immunoblotting with either rabbit anti-His H-15 (Santa Cruz, catalogue number sc-803), mouse anti-Flag M2 (Sigma, catalogue number F3165) or rabbit anti-ubiquitin (Dako, Cat# Z0458) antibodies at 1:1,000 in 5% milk in TBS plus 10% Tween-20 (Sigma). Two independent experiments were performed.
